Metals with fine surface asperity show higher efficiency of sunlight absorption than those with flat surfaces. In the present study, ultravioletvisibleinfrared light absorption by metals with porous surface layers was examined. A three-dimensionally interconnected porous structure was formed on the surface of copper and iron substrates by oxidizing and then reducing. Pore size and layer thickness were dependent on oxidization and reduction temperatures and times. It was found that metals with porous surface layers exhibited higher efficiencies of light absorption over a wide wavelength range than those with mirror-polished surfaces. High light absorption efficiencies were obtained for metal substrates with fine porous structures. In particular, a very fine porous structure was formed on the surface of iron substrate by oxidizing and reducing it at low temperatures, and its light absorption reached 7580% over a wide wavelength range corresponding to ultravioletvisible infrared light. This light absorption index is much higher than light absorption by conventional metal substrates with flat surface.
Introduction
Sunlight consists of ultravioletvisibleinfrared light, and these wavelengths could potentially provide a very high amount of energy. For highly efficient use of solar energy as an important heat supply, modification of surface structure has been performed on metallic materials. It has been found that metals with fine surface asperity exhibit higher efficiency of light absorption than those with flat surfaces as a result of multiple reflection of incoming light and multiple light absorption on the metal surface. 1, 2) For instance, nano-scale surface asperity can be prepared on tungsten surfaces through application of plasma radiation.
3) The resulting concavoconvex metal surface provides high infrared light absorption, the energy of which could be exploited as thermal energy. However, it is difficult to apply conventional methods such as plasma radiation in preparing surface asperity on wide areas of metal plate. Therefore, a simple, low energy, and convenient method is required to make fine and homogeneous asperity structures on large metal surfaces.
As a simple and convenient method to prepare surface asperity on metal surfaces, the present study focuses on the formation of porous layers on metal surfaces by oxidization reduction treatment. Hayes et al. 46) investigated the morphology of metals obtained by the reduction of metal oxides from the viewpoint of extractive metallurgy, and revealed that porous structures are formed in metallic materials during the reduction of metal oxides. In comparison, we previously attempted to prepare a porous layer on a metal surface by oxidizationreduction treatment, and observed unusual wetting of liquid metals on the porous metal substrate due to capillary phenomenon. 79) Our previous studies revealed that this porous structure was homogeneously formed on the metal surface, and was three-dimensionally interconnected.
The pore size was dependent on oxidizing and reducing temperature and time conditions. Since porous layers with nano-sized pores can be obtained on metal surfaces, reduced metal with a porous layer is expected to exhibit high efficiency of light absorption.
In the present study, we examine ultravioletvisible infrared light absorption of metals with porous surface layers obtained by an oxidizationreduction process. Copper and iron substrates were selected based on our previous work in determining appropriate oxidizing and reducing conditions for formation of fine surface porous structures.
79) Various kinds of porous structure were prepared on the surface of copper and iron substrates under different oxidizing and reducing conditions. These surface structures were observed with scanning electron microscopy, and the effects of oxidizing and reducing conditions on pore size and thickness of the porous layer were investigated. Then, ultraviolet visibleinfrared light absorption was examined to clarify the correlation between the obtained porous structure and the resulting light absorption of the metal substrates.
Experimental Procedure
2.1 Preparation of porous layer on metal surface by oxidizationreduction treatment Purified copper (99.994%) and iron (99.5%) substrates (Nilaco Corp.), 20 mm © 20 mm © 1 mm in size, underwent oxidizationreduction treatments under the following conditions, to form porous layers on their surfaces. Figure 1 shows a schematic diagram of the oxidization and reduction apparatus. Substrates were suspended in the center of the heated region, and kept in purified Ar atmosphere until the predetermined oxidizing or reducing temperature was achieved. The Ar gas (99.999%) was purified by removal of water vapor and oxygen through silica gel, magnesium perchlorate and annealed magnesium shot, to prevent the metal substrate from being oxidized beyond that intended +1 from the oxidizationreduction treatment. Once the predetermined temperature was reached in the heated region, Ar20 vol% O 2 gas or purified H 2 gas (99.9999%) was introduced to conduct the oxidizationreduction treatment of the substrates. The oxidizationreduction treatment was terminated by reintroduction of the purified Ar gas, and by moving the substrate out of the heated region.
First, the copper and iron substrates were oxidized in Ar 20 vol% O 2 atmosphere at a given temperature between 873 and 1073 K for 1 h maximum holding time. Then, to form the porous layer on the surface of each substrate, these oxidized substrates underwent a reducing process under purified H 2 atmosphere. To prevent excessive coarsening of the obtained porous structure, the reducing holding temperature and time were carefully chosen. For copper substrates we selected temperatures between 473 and 673 K, and for iron substrates between 773 and 923 K, with 1 h as the maximum holding time for both substrates. Microstructures in the porous layers formed on the surface of the reduced copper and iron substrates were observed with a HITACHI TM-1000 scanning electron microscope (SEM), with an excitation voltage of 15 kV.
Light absorption measurement by metals
Ultravioletvisibleinfrared light absorption was examined for the samples with porous surface layers formed by the oxidizationreduction treatments, and the results were compared with those obtained for mirror polished metals to evaluate the effect of the porous structure on the metal surface. Light absorption by opaque solid material is generally evaluated by measuring reflectance of incoming light with different wavelengths, and by subtracting absolute reflectance ratio from unity. A SHIMADZU UV-3600 ultravioletvisibleinfrared spectrophotometer was used to measure relative spectral reflectivity in the wavelength range between 260 and 2200 nm. BaSO 4 powder was used as a standard reflectance material. Then, the absolute spectral absorption index for each metal substrate was determined by the following equation, using the absolute spectral reflectivity data of BaSO 4 powder by Grum et al.:
10)
Absolute spectral absorption index ¼ 1 À ðRelative spectral reflectivityÞ Â ðAbsolute spectral reflectivity of BaSO 4 Þ ð1Þ Figure 2 shows surface and cross-sectional micrographs of copper substrates after oxidization for 1 h at 1073 K under Ar20 vol% O 2 atmosphere. A homogeneous cavernous structure was formed on the surface of the oxidized copper substrate, and the oxide phase corresponded to CuO. The cross-sectional micrograph of the oxidized copper substrate revealed the presence of both CuO and Cu 2 O phases. The thickness of the CuO layer may have been dependent on the degree of the oxidization process, e.g., holding temperature and time.
Results and Discussion

Light absorption of copper substrates with porous layer formed by oxidizationreduction treatment
Surface and cross-sectional micrographs of copper substrates reduced under H 2 atmosphere for 1 h at different temperatures are shown in Fig. 3 . Fine pores were observed in the cavernous surface structure, and the pore size increased as reducing temperature increased. Cross-sectional micrographs of the reduced copper substrates indicated that porosity decreased as the reduction holding temperature increased. In reducing the oxide phase on the substrates, the porous structure may have coarsened, thereby increasing pore size while decreasing porosity as holding temperature and time increased.
Light absorption measurements were carried out for the copper substrates oxidized at 1073 K and then reduced at different temperatures, the results of which are shown in Fig. 4 . For comparison, light absorption was also measured for copper substrate with a mirror-polished surface. The copper substrates with porous layers formed by the oxidizationreduction treatments exhibited higher light absorption efficiencies in ultraviolet and visible light wavelengths than those with mirror-polished surfaces. In particular, light absorption of copper substrates with porous layers increased as reduction holding temperature decreased, because a finer porous structure was formed on the surface. Since porous structures on metal surface contribute to multiple reflection of incoming light and multiple light absorption on pore surface, light absorption is considered to be enhanced regardless of wavelengths.
However, the copper substrates exhibited very low infrared light absorption, too low to evaluate efficiency differences between the porous surface copper substrates and the mirrorpolished copper substrates for those wavelengths. To verify the enhancement of light absorption in infrared light wavelengths through the formation of porous metal surface structures, it was necessary to select a metal substrate with intrinsic high efficiency of light absorption in infrared wavelengths.
3.2 Light absorption of iron substrates with porous layer formed by oxidizationreduction treatment Figure 5 shows the measured light absorption efficiencies of mirror-polished iron and copper substrates over the ultravioletvisibleinfrared light wavelength range. The iron substrate exhibited high light absorption efficiency over a wider wavelength range than the copper substrate. Therefore, iron was confirmed to be a useful substrate material to verify the enhancement of infrared light absorption through formation of a porous surface structure by the present oxidizationreduction treatment. Figure 6 (a) shows a surface micrograph of the iron substrate after oxidization for 1 h at 1073 K under Ar 20 vol% O 2 atmosphere; a cavernous structure was homogeneously formed on the oxidized iron substrate. Figures 6(b) and 6(c) show surface micrographs of previously oxidized iron substrates after reduction under H 2 atmosphere for 1 h at 923 and 773 K, respectively. Homogeneous porous structures were observed on the surface of the reduced substrates. The pore size for the substrate reduced at 923 K was measured at 12 µm. The surface morphology of the iron substrate after reduction at 773 K consisted of a fine porous structure and the remaining cavernous structure. The effect of reduction holding time on the surface of the iron substrates can be seen in Figs. 6(c), 6(d) and 6(e), which indicated that the increase in pore size with increasing reduction holding time was due to coarsening, similar to that observed for the oxidization reduction treatments of copper substrates. Figure 7 shows cross-sectional micrographs of iron substrates oxidized at 1073 K for 1 h under Ar20 vol% O 2 atmosphere after reduction under H 2 atmosphere at various temperatures and holding time. While porous layers were formed on the surfaces of these substrates as a result of the reduction of the oxidized layer, a remaining oxidized layer was also detected. It appeared that the oxidized iron layer formed at 1073 K, 1 h, was too thick to be completely reduced. The thickness of the porous layer increased as reduction holding time increased. Vertical cracks accompanied the porous layer under reduction at 773 K, these may have been formed by the decomposition of the wüstite phase in the oxidized substrate into iron and magnetite phases. Figure 8 shows the results of light absorption measurements for iron substrates oxidized at 1073 K for 1 h and then reduced at different temperatures and holding times. It was observed that the iron substrates with porous surface layers formed by the oxidizationreduction treatment exhibited higher light absorption efficiencies than those with mirrorpolished surfaces over the entire measured range of ultravioletvisibleinfrared wavelengths. For example, the iron substrate oxidized at 1073 K for 1 h and reduced at 773 K for 0.25 h exhibited light absorption of 7580% over the ultravioletvisibleinfrared wavelength range. This light absorption index is much higher than light absorption by conventional metal substrates with flat surface. Furthermore, it was also indicated that the light absorption of the reduced iron substrates increased as reducing temperature and holding time decreased, showing that high efficiency of light absorption was achieved for iron substrates with fine porous surface structures. The above experimental results revealed that the morphology of the porous layer on the surface of an iron substrate, e.g. pore size, could be controlled with temperature and time during the reduction process, and that the resulting light absorption of the iron substrates depended on the surface morphology formed by the oxidizationreduction treatment.
Subsequently, to obtain a thin porous layer of fine pore size on iron substrate, a low-temperature oxidizationreduction treatment was conducted. Figure 9 shows a surface micrograph of iron substrate after oxidization for 1 h at 873 K under Ar20 vol% O 2 atmosphere; a fine porous structure was homogeneously formed on surface. Figure 10 shows surface and cross-sectional micrographs of iron substrates reduced under H 2 atmosphere at 773 K for different holding times. Fine porous structures were observed in the reduced iron substrates, and the pore size increased as holding time increased due to coarsening. Cross-sectional micrographs of the reduced iron substrates in Figs. 10(b) , 10(d) and 10(f ) indicated that no oxidized layer remained, and that the porous layer at the surface was much thinner than that formed on iron by oxidization at 1073 K and reduction at 773 K, as shown in Fig. 7 . Figure 11 shows light absorption measurements for the iron substrates oxidized at 873 K for 1 h and then reduced at 773 K for different holding times. The oxidizationreduction treated iron substrates exhibited higher light absorption efficiencies than that of the mirror-polished substrate across the ultravioletvisibleinfrared light wavelengths. In particular, the iron substrate with a thin porous layer and fine porous structure, formed by oxidization at 873 K for 1 h and reduction at 773 K for 1 h, exhibited light absorption of 75 80% over the ultravioletvisibleinfrared light wavelength range, and was comparable to the light absorption efficiency observed for the iron substrate with a thick porous layer and fine porous structure formed by oxidization at 1073 K for 1 h and reduction at 773 K for 1 h. This result indicated that the preparation of a thin but finely porous surface layer was adequate in improving the light absorption of iron substrates up to 7580% across the ultravioletvisibleinfrared wavelength range.
However, unlike those oxidized at 1073 K before reduction, the iron substrates oxidized at 873 K and reduced for long times exhibited high light absorption efficiency, even though pore size increased as reduction holding time increased. Further investigation is required to clarify the correlation between enhancement of light absorption efficiency of the metal substrates and the formation of porous structures on their surfaces by oxidizationreduction treatment.
The above results indicate that high light absorption efficiencies can be obtained from iron substrates with porous layers formed by oxidizationreduction treatment. Therefore, oxidizationreduction treatment could be a simple and convenient method to prepare porous asperity structures on metal surfaces, and to enhance light absorption efficiencies of metal over a wide wavelength range including infrared light, where the energy of the absorbed light could then be exploited as thermal energy.
Conclusions
Ultravioletvisibleinfrared light absorption was examined for copper and iron substrates with porous surface layers obtained by oxidizing and then reducing the substrates surfaces. It was found that pore size and porous layer thickness were dependent on the oxidization and reduction process temperatures and times. For example, a fine porous structure was obtained on the surface of oxidized iron substrate by reducing it at a low temperature. As reduction holding time was increased, the pore structure on both copper and iron substrates coarsened and pore sizes increased.
Light absorption measurements for the copper and iron substrates revealed that those with the porous layers exhibited higher light absorption efficiencies than those with mirrorpolished surfaces over a wide range of wavelengths. Higher light absorption efficiencies were obtained for metal substrates with fine porous structures. In particular, light absorption of up to 7580% in the ultravioletvisibleinfrared wavelength range were obtained for iron substrate with a fine porous structure, prepared by oxidizing and then reducing the substrate at a low temperature. This light absorption index is much higher than light absorption by conventional metal substrates with flat surface, and comparable to gray-coloured oxide substrates such as iron or copper oxides. Since reduced metal surface generally has higher heat conductivity, metal substrates with porous structure on surface are expected to be beneficial materials for highly efficient use of sunlight energy. Therefore, oxidizationreduction treatment has been found to be a simple and convenient way to make porous asperity structures on the surface of metals, and to obtain high light absorption efficiencies over ultravioletvisibleinfrared light wavelengths.
